Excitatory connections between neocortical layer 4 (L4) and L6 are part of the corticothalamic feedback microcircuitry. Here we studied the intracortical element of this feedback loop, the L4 spiny neuron-to-L6 pyramidal cell connection. We found that the distribution of synapses onto both putative corticothalamic (CT) and corticocortical (CC) L6 pyramidal cells (PCs) depends on the presynaptic L4 neuron type but is independent of the postsynaptic L6 PC type. L4 spiny stellate cells establish synapses on distal apical tuft dendrites of L6 PCs and elicit slow unitary excitatory postsynaptic potentials (uEPSPs) in L6 somata. In contrast, the majority of L4 star pyramidal neurons target basal and proximal apical oblique dendrites of L6 PCs and show fast uEPSPs. Compartmental modeling suggests that the slow uEPSP time course is primarily the result of dendritic filtering. This suggests that the dendritic target specificity of the 2 L4 spiny neuron types is due to their different axonal projection patterns across cortical layers. The preferential dendritic targeting by different L4 neuron types may facilitate the generation of dendritic Ca 2+ or Na + action potentials in L6 PCs; this could play a role in synaptic gain modulation in the corticothalamic pathway.
Introduction
In the whisker-to-barrel cortex pathway, granular L4 and infragranular L5B/L6A are the main target layers of thalamocortical projections arising from the ventral posteromedial nucleus (VPM) of the thalamus (Chmielowska et al. 1989; Meyer et al. 2010; Oberlaender et al. 2012) . In turn, pyramidal cells in layers 5B and 6A provide direct projections back to both the posteromedial nucleus and VPM of the thalamus, respectively (White and Keller 1987; Killackey and Sherman 2003) . Therefore, the thalamic nuclei do not only receive input from peripheral sensory receptors, but their activity is also regulated internally by a corticothalamic feedback circuit: A subset of L5B and L6A PCs project directly back to the thalamus (Hoogland et al. 1987 (Hoogland et al. , 1991 Bourassa et al. 1995; Veinante et al. 2000) while a second, indirect pathway acts via a monosynaptic intracortical connection from L4 to L5B/L6A thereby integrating synaptic input to these 2 thalamorecipient cortical layers (Lubke and Feldmeyer 2007; Feldmeyer 2012) . The direct feedback pathway has been studied extensively both at the structural (Hoogland et al. 1987 (Hoogland et al. , 1991 Bourassa et al. 1995; Veinante et al. 2000; Guillery and Sherman 2002) and functional level (Golshani et al. 2001; Gentet and Ulrich 2004; Reichova and Sherman 2004; Temereanca and Simons 2004; Groh et al. 2008) . However, for the indirect pathway, monosynaptic L4-L6A connections have rarely been reported: only one pair in cat visual cortex (Tarczy-Hornoch et al. 1999 ) and 3 pairs in mouse barrel cortex (Lefort et al. 2009 ) have been observed and their electrophysiological, especially morphological properties have not been characterized in detail.
To investigate monosynaptic excitatory L4-L6A connections, we made dual whole-cell patch-clamp recordings from presynaptic L4 spiny neurons (spiny stellate cell [SSC] or star pyramidal neuron) and postsynaptic CC or CT L6A PCs in acute rat brain slices of the primary somatosensory (barrel) cortex. Synaptically coupled cell pairs were filled with biocytin during recordings and morphologically reconstructed post hoc for a quantitative morphological analysis and the identification of putative synaptic contacts. Altogether, we recorded 20 monosynaptic L4-L6A excitatory connections for a correlated electrophysiological and morphological analysis. Our findings demonstrate that L4 SSCs exclusively establish synaptic contacts on the distal portion of apical dendrites of L6A PCs and elicit uEPSPs with a slow time course when recorded at the L6A soma. In contrast, L4 star pyramidal neurons (SPNs) preferentially target the basal and proximal apical oblique dendrites of L6A PCs and show fast uEPSPs. The preferential targeting of distal or proximal dendrites suggests that L4 SSCs and SPNs promote the generation of a Ca 2+ spike in the tuft of apical dendrite or Na + action potential (AP) in the axon of L6A PCs, respectively. A concerted activation of both dendritic compartments may serve to combine and integrate thalamocortical inputs with intracortical L6A PC inputs. Coincident activation of both distal and proximal synaptic inputs via L4 SSCs and SPNs, respectively, may modulate the sensitivity or gain (i.e., the rate of AP firing) of L6A PCs to synaptic signals from other cortical or subcortical regions such as the thalamus (Chance et al. 2002; Larkum et al. 2004 ). This synaptic gain modulation may be relevant for corticothalamic feedback signaling.
Materials and Methods

Slice Preparation
All experimental procedures involving animals were carried out in accordance with the German animal welfare act and the guidelines of the Federation of Laboratory Animal Science Associations (FELASA). The appropriate permissions for killing animals for brain slice experiments were obtained from the NorthrhineWestphalian Landesamt für Natur, Umwelt und Verbraucherschutz (LANUV). Wistar rats (18-28 days old; mean 21 ± 3 days) were anesthetized with isoflurane and decapitated. Oblique coronal slices (350 μm thick) of the primary somatosensory (barrel) cortex were cut at 45°to the midline in ice-cold extracellular solution containing 125 mM NaCl, 2.5 mM KCl, 25 mM glucose, 25 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 1 mM CaCl 2 , and 5 mM MgCl 2 (bubbled with 95% O 2 and 5% CO 2 ) using a vibrating microslicer (Microm HM 650 V, Walldorf, Germany). Slices were then transferred to a slice keeper and incubated at room temperature (22-24°C) in the same extracellular solution for at least 30 min before use.
Paired Recordings
After a sufficiently long incubation, slices were transferred to a recording chamber and continuously superfused ( perfusion speed ∼5 mL/min) with an artificial cerebrospinal fluid containing 125 mM NaCl, 2.5 mM KCl, 25 mM glucose, 25 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 2 mM CaCl 2 , and 1 mM MgCl 2 (bubbled with 95% O 2 and 5% CO 2 ) at 32-33°C. Putative postsynaptic L6A PCs in the barrel cortex were randomly selected, all of them being located in the middle or upper part of layer 6A. While we tried to choose L6A PCs that were mainly located underneath large L4 barrels, this was not always possible because of the low apparent connectivity of the L4-L6A connection (see below).
Whole-cell recordings from L6A PCs were then made using patch pipettes (resistance ∼5-8 MΩ) filled with intracellular solution containing 135 mM K-gluconate, 4 mM KCl, 10 mM HEPES, 10 mM phosphocreatine, 4 mM ATP-Mg, and 0.3 mM GTP (adjusted to pH 7.3 with KOH); the osmolarity of the solution was ∼300 mOsmol/L. Biocytin (Sigma, Munich, Germany) at a concentration of 5 mg/mL was added to the internal solution. After patching the postsynaptic L6A PC, putative presynaptic L4 neurons were stimulated in the loose-cell configuration using a "searching" patch pipette of 7-10 MΩ resistance filled with a modified high Na + solution containing 105 mM Na-gluconate, 30 mM NaCl, 10 mM HEPES, 10 mM phosphocreatine, 4 mM ATP-Mg, and 0.3 mM GTP (adjusted to pH 7.3 with NaOH). When an AP was evoked by loose-seal stimulation, this was in most cases visible as a small deflection on the voltage trace. When the AP resulted in an uEPSP in the postsynaptic L6A PC at short latency (within 10 ms), the searching pipette was withdrawn. The presynaptic L4 neuron was then repatched with a new pipette filled with biocytin-containing intracellular solution. Then APs were elicited in the presynaptic neuron and uEPSPs were recorded in the postsynaptic neuron at the whole-cell (current clamp) mode (see Qi et al. 2015 for more details). Signals were amplified using an EPC10-triple patch-clamp amplifier (HEKA Elektronik, Lambrecht, Germany), filtered at 2.9 kHz and sampled at 10 kHz. During the recording series resistance was continuously monitored and compensated to 80%. Membrane potentials were not corrected for the liquid junction potential.
Synaptic Pharmacology
In some experiments aimed at determining the size of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) or N-methyl--aspartate (NMDA) component of the uEPSP, either 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) or 50 μM (2R)-amino-5-phosphonovaleric acid (AP5) was added to the extracellular solution, respectively. As a control 10-20 sweeps were recorded from L4-L6 pairs in normal extracellular solution. After perfusing neocortical slices with an antagonist (CNQX or AP5)-containing extracellular solution consecutive sweeps were recorded until the uEPSP amplitude became stable. At the end of the experiment slices were again perfused with standard extracellular solution. As many as possible uEPSPs were recorded until a ( partial) wash-out of the antagonist was achieved.
Data Analysis
Acquired data were stored on the hard disk of a Macintosh computer for off-line analysis using Igor (WaveMetrics, Lake Oswego, OR). Unitary EPSP amplitude, 20-80% rise time, latency and other properties were determined as described previously (Feldmeyer et al. 1999) . In brief, all sweeps were aligned to their corresponding presynaptic AP peaks and averaged to generate the mean uEPSP. Then the uEPSP peak amplitude for each individual sweep was determined within a "peak search window" of 5 ms after the presynaptic AP and averaged over 1 ms; subsequently, a baseline potential measured within a window of similar duration just preceding the uEPSP was subtracted. The pairedpulse ratio was defined as the second uEPSP amplitude divided by the first uEPSP amplitude of the mean uEPSP elicited by paired APs. Failures were defined as events with amplitudes <1.5× the standard deviation (SD) of the noise within the baseline window. In order not to misclassify small responses as failures, care was taken to verify that the failure average was near zero. The coefficient of variation (cv) was calculated as the SD divided by the mean of uEPSP amplitude. The resting membrane potential (V rest ) of postsynaptic neurons was measured immediately after establishing the wholecell recording configuration. The membrane time constant was calculated as the average of the time constants obtained by fitting a single exponential function to the potential deflection in response to current injections from −50 to 50 pA in 10 pA steps; the input resistance was calculated as the slope of the linear fit to the current-voltage relationship.
Histological Procedures and Morphological Reconstructions
After recording, slices were fixed at 4°C for at least 24 h in 100 mM PBS, pH 7.4, containing 4% paraformaldehyde. Slices containing biocytin-filled neurons were then processed according to procedures we described previously (Marx et al. 2012) .
Biocytin-labelled pairs of neurons were examined under the light microscope at high magnification to identify putative synaptic contacts. Representative pairs were photographed at low magnification to document the dendritic and axonal arborization. Subsequently, neurons were reconstructed with the aid of Neurolucida software (MicroBrightField, Colchester, VT) using an Olympus Optical (Hamburg, Germany) BX61 microscope. The reconstruction provided the basis for the quantitative morphological analysis. Potential synaptic contacts were identified as close apposition of a presynaptic axonal bouton and the postsynaptic dendrite in the same focal plane under the microscope with 100× objective and 10× eyepiece. The synapse-to-soma distance was calculated in the Neuroexplorer software (MicroBrightField) as the path length along the dendrite from the location of synaptic contact to the soma in 3-dimensional (3D) space.
Axonal and Dendritic Density Maps
Axonal and dendritic "length density" maps were constructed using the computerized 3D reconstructions (for details, see Lubke et al. 2003) . The length of all axonal and dendritic branches was measured in a 50 × 50 × 50 μm cuboid, projected in the 2D plane yielding a raw density map and subsequently normalized to the maximum axonal and dendritic density, respectively. To align these maps with respect to the barrel centre, barrel borders were identified in the low power (4× objective) bright-field photomicrographs made from the acute brain slice. Spatial lowpass filtering of these maps was performed by 2D convolution with a Gaussian kernel (σ = 50 μm), and continuous 2D density functions were constructed using bicubic interpolation in Mathematica 4.1 (Wolfram Research, Champaign, IL). The presynaptic axonal and postsynaptic dendritic length density maps thus obtained were then multiplied to calculate the predicted "innervation domain" between L4 spiny neurons and L6A PCs. Spatial low-pass filtering of "innervation domain" maps was performed as described above.
Neuronal Simulations
To obtain quantitative estimates how the location of synaptic contacts affects the EPSP time course and amplitude compartmental modeling was performed in the NEURON simulation environment (Hines and Carnevale 1997) . 3D somatodendritic reconstructions of representative L6A pyramidal cells and for comparison also L5B pyramidal cells (see Supplementary Material) were obtained using the Neurolucida system (Microbrightfield). ASCII files of these reconstruction files were imported directed into NEURON and subsequently converted to a NEURON-readable file format. Before file import and conversion, a shrinkage correction of the morphological reconstruction was made using published correction factors (Marx et al. 2012) . In addition, a correction for the area of missing dendritic spines was included by adding 0.83 μm 2 surface area per linear micrometer of length to dendritic compartments (Mainen and Sejnowski 1996) . Dendritic branches were divided into small compartments; no compartment exceeded 50 μm in length. A stereotypic axon was attached to the soma (Mainen et al. 1995) . Typical ion channels (e.g., Na + , K + , Ca 2+ etc.) and their distributions in different somatodendritic compartments were adopted (Mainen and Sejnowski 1996) . Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels were not included in the present model because they were probably not activated during uEPSPs. The specific axial resistance, membrane resistance, and membrane capacitance were 150 Ωcm, 30,000 Ωcm 2 , and 0.75 μF/cm 2 , respectively. The time step for numerical simulations was 0.025 ms. The standard modeling approach for conductance-based synapses was used. The excitatory synaptic conductance comprising both AMPA and NMDA components was modeled by double exponential functions with different time constants τ 1 and τ 2 . Here, τ 1 = 0.28 ms, τ 2 = 1.38 ms, and τ 1 = 0.56 ms, τ 2 = 44.3 ms for AMPA and NMDA components, respectively. Furthermore, voltage-and Mg 2+ dependence of NMDA component was also included in the simulation (Sarid et al. 2007 ).
Statistical Analysis
Tukey's test was used for statistical comparisons of different data sets. Correlation analysis was performed by calculating Pearson's linear correlation coefficients. For all data, mean ± SD was given.
Results
Morphological and Electrophysiological Characterization of L4-L6 Excitatory Connections
Monosynaptic excitatory connections between L4 SCCs or SPNs with L6A PCs were studied in acute slices of rat barrel cortex ( Fig. 1A and Supplementary Table 1) . Excitatory neurons were identified as L4 SPNs when they showed an apical dendrite projecting into layer 2/3. In 10 of 20 L4-L6A connections, we recorded exclusively "slow" uEPSPs with a long latency to the presynaptic AP, a very slow rise time of ∼6 ms and a slow decay time (Fig. 1B1) . The remaining 10 connections showed "fast" uEPSPs with short latencies, fast rise and decay times (Fig. 1C1 ). All pairs with a presynaptic L4 SSC showed exclusively slow uEPSPs (n = 6), while most L4 SPN-L6A PC connections showed fast uEPSPs (n = 10 out of a total of 14). Only a minor fraction of the L4 SPN-L6A PC connections (4 out of a total of 14) showed also slow uEPSPs. No age-related difference in the axonal and dendritic domains of L4 SSCs and L4 SPNs, respectively, were observed so that data for each presynaptic cell type were pooled. This differential uEPSP time course indicates that the 2 presynaptic L4 neuron types innervate different dendritic compartments of postsynaptic L6A PCs. Light microscopic examination revealed that L4 SSCs established putative synaptic contacts on apical dendritic tufts of L6A PCs (Figs 1B2 and 2A; see also Supplementary Fig. 1 ). In contrast, most synaptic contacts of L4 SPN-L6A PC connections were found on basal and proximal apical oblique dendrites (Figs 1C2 and 2A) . For a few (4 out of 14) L4 SPN-L6A PC connections synaptic contacts were also found in the apical tuft and distal oblique collaterals ( Fig. 2A) . For L4 SSC-L6A PC connections the synapse-to-soma distance was always >200 µm; for L4 SPN-L6A PC connections contacts were mostly located within a 200 μm range (with the exception of 6 of 24 contacts; Fig. 2B ). L4 SSC and SPN-L6A PC connections differed significantly from one another in the 20-80% EPSP rise time and synapse-to-soma distance (Fig. 2C) , 2 parameters that showed a strong correlation (r = 0.84; P = 6.49 × 10 −11 , Pearson's linear correlation test; Fig. 2D ). Except for the rise time and latency, the 2 L4-L6A connection subtypes did not differ in other uEPSP properties (Table 1) or postsynaptic neuronal membrane properties (Table 2) . For comparison, intralaminar L4-L4 (n = 10, including 2 reciprocally connected pairs), L6A-L6A (n = 5) and interlaminar L4-L2/3 (n = 2) (cf. Feldmeyer et al. 2002) , L4-L5A (n = 2) (cf. Feldmeyer et al. 2005 ) excitatory connections were recorded under the same experimental conditions. Like most L4-L6A SPN connections, uEPSPs at these connections showed a short latency and fast rise time in marked contrast to the slow uEPSP time course in L4-L6A SSC connections (Supplementary Fig. 2 ). Other uEPSP properties (e.g., amplitude, paired-pulse ratio, decay time constant etc.) of these connections are not significantly different from that of the 2 L4-L6 connection subtypes (Supplementary  Table 2 ).
Differential Dendritic Filtering of Synaptic Inputs in Model Neurons
The uEPSP time course of L4-L6A connections is tightly correlated with the location of their synaptic contacts: "slow" uEPSPs correspond to more distal synapses; while "fast" uEPSPs to more proximal synapses (Figs 2 and 3A) . To illustrate the mechanism for the generation of 2 uEPSP waveforms, we constructed a simple multicompartmental model neuron with a typical L6A PC somatodendritic morphology (Fig. 3B) . Functionally identical synaptic conductances were injected at different locations on the basal to apical dendrites. Only voltage-gated Na + , K + , and Ca 2+ channels
were used in the model, all other conductances (e.g., HCN channels) were neglected because of the low probability of activation by one uEPSP. The simulation results showed that, as the synaptic location moves away from the soma, uEPSPs recorded at soma become slower and smaller while proximally generated uEPSPs are fast and large (Fig. 3C ).
The mean amplitudes of "slow" and "fast" uEPSPs when measured at the L6A PC somata, were similar for our L4-L6A connections (Table 1) . This is unexpected because the simulation suggests a substantial dendritic attenuation of distal inputs (Fig. 3) . However, uEPSPs generated at synaptic contacts near the L6A PC apical tufts are likely to be strongly under-sampled because only very large uEPSPs will be resolved while small uEPSPs from distal synaptic sites will escape detection because of the strong dendritic filtering (Supplementary Fig. 3 ). This may account for the relatively low number of L4 SCC-L6A PC connections and explain why the average uEPSP amplitude of L4 SSC and SPN-L6A PC connections are similar. In addition, using specific AMPA and NMDA glutamate receptor antagonists Bold italics indicate significant differences. Supplementary Fig. 4 ), we could establish that "slow" and "fast" uEPSPs do not have a markedly different receptor composition at the postsynaptic site; the difference in the uEPSP time course is primarily the result of dendritic filtering during uEPSP propagation to the soma (Spruston et al. 1994 ).
Prediction of the Synaptic Location Based on Axodendritic Overlap
We calculated the potential innervation domain (see Materials and Methods) for L4 SSC-L6A PC connections using the average density maps of L4 SSC axons and L6A PC dendrites. The result suggests that the vast majority of synaptic contacts are established on the distal apical tuft of L6A PCs, in accordance with our paired recording data (Fig. 4A) . The innervation domain for L4 SPN-L6A PC connections (Fig. 4B) have a proximal and a distal target region. The actual distribution of putative synaptic contacts for L4 SPN-L6A PC connections largely fulfills this prediction: the majority of L4 SPN-L6A PC synaptic contacts were located on the basal and proximal apical oblique dendrites near L6A PC somata; a few (n = 4 of 24) contacts were established on apical tuft dendrites. Thus, for both L4-L6A connection subtypes the axodendritic overlap appeared to be sufficient to describe the location of synaptic contacts at the cellular (Shepherd et al. 2005; Brown and Hestrin 2009; Yu et al. 2009) or subcellular level (da Costa and Martin 2009; Petreanu et al. 2009; Richardson et al. 2009 ).
To compare the axonal projection patterns of L4 SSCs and SPNs, we reconstructed additional biocytin-filled single L4 spiny neurons (10 for each neuron type). From the data it is apparent that the L4 SSC axonal domain is significantly more dense in layer 4 and supragranular layer 2/3 than in infragranular layers 5B and 6A (Supplementary Fig. 5A ). Axons of L4 SPN have shown a lower degree of collateralization throughout layers 2-6. However, L4 SPN axons send more collaterals to infragranular layers 5B and 6A compared with L4 SSC axons ( Supplementary Fig. 5B,C) which may explain the differential dendritic targeting of the 2 L4 spiny neuron types.
Pre-but not Postsynaptic Cell-type-Specific Formation of Synapses
We also tested whether L4 spiny neurons preferentially form synaptic contacts with one of the 2 major L6A PC types, that is, CC and CT neurons. These 2 types of L6A PCs could be distinguished reliably based on their axonal projection patterns: the axon of L6A CC PCs forms a dense plexus mainly in layers 5 and 6A of home column where the soma resides and sends a longrange horizontal projection in infragranular layers across several neighbor columns (Fig. 5A) ; while L6 CT PCs have a largely homecolumnar organization of their axon with vertically oriented axonal collaterals that terminate at the layer 4/layer 2/3 border, occasionally giving rise to numerous short collaterals in layer 4 (Zhang and Deschênes 1997; Kumar and Ohana 2008; Velez-Fort et al. 2014 ). However, slow and fast uEPSPs were recorded independently of the L6A PC type and showed no significant differences in synaptic properties and contact locations (Fig. 5B,C) . This indicates that the dendritic target region of postsynaptic L6A PCs is largely determined by the axonal projection pattern of the presynaptic L4 neuron type and is independent of the projection targets of these L6A neurons. 
Discussion
We characterized monosynaptic excitatory connections between L4 spiny neurons and L6A PCs in rat barrel cortex which are part of the thalamo-cortico-thalamic neuronal feedback microcircuitry between sensory cortices and the thalamus. We found that axons of L4 SSCs exclusively innervate the distal apical tufts of L6A PCs and elicit "slow" uEPSPs in L6A somata. To our knowledge, this is the first recording, in any cortical region, of uEPSPs exclusively originating from the apical tuft region of a pyramidal cell. However, inhibitory interneurons such as Martinotti cells (Kapfer et al. 2007; Silberberg and Markram 2007; Murayama et al. 2009 ) or L1 interneurons (Jiang et al. 2013; Lee et al. 2015) are also likely to innervate the apical tufts of L5B PCs. Unlike L4 SSCs, the axons of L4 SPNs preferentially target the proximal basal or apical oblique dendrites of L6A PCs and show "fast" uEPSPs (Fig. 6) .
Existence of Monosynaptic Excitatory Connections Between 2 Main Thalamorecipient Layers in Barrel Cortex
So far, synaptic connections between L4 and L6 excitatory neurons have been identified only indirectly in the barrel cortex (Staiger et al. 2000; Wirth and Luscher 2004; Hooks et al. 2011; Tanaka et al. 2011) or other primary sensory cortices (Briggs and Callaway 2001; Zarrinpar and Callaway 2006; Zhou et al. 2010; Velez-Fort et al. 2014 ). Here, we provide for the first time direct evidence for the existence of such connections and give a detailed, correlated description of their structural and functional properties. Previous data from paired (Beierlein and Connors 2002; Mercer et al. 2005 ) and single-cell recordings combined with the photo-release of caged glutamate (Hooks et al. 2011) have shown that the main excitatory input to L6 PCs comes from infragranular layers 5B and 6. However, a recent neuroanatomical study demonstrated that L6 corticothalamic PCs are likely to be strongly innervated by L4 neurons just above them (Tanaka et al. 2011) , that is, from the same barrel column. Thus, excitatory L4-L6 connections are well placed to control AP firing of L6 PCs, thereby indirectly regulating the activity of thalamus.
Our preliminary data (Qi et al. 2014) demonstrate that L6A PCs also send monosynaptic connections both to L4 spiny neurons and to L4 interneurons through their upper-layer projecting axonal collaterals. According to the axonal projection pattern of L6A PCs, corticothalamic PCs are more likely to be the presynaptic neuron in these L6A-to-L4 excitatory connections. However, this needs to be verified in a future, more extensive study. Furthermore, we also found excitatory L6 PC-L4 interneuron connections (G. Qi and D. Feldmeyer, unpublished results) . Whether L6 PCs preferentially form synapses with interneurons compared with spiny neurons in layer 4 as suggested for cat visual cortex (McGuire et al. 1984) will be the subject of future studies. Very recently, the existence of functional connections between L6 CT PCs and L4 excitatory or L4 fast-spiking cells was confirmed using the channelrhodopsin-2-assisted optical stimulation in mouse visual and barrel cortices (Kim et al. 2014) . However, the morphology of presynaptic L6 CT PCs and the postsynaptic L4 neurons was not analyzed in this study.
Different Synaptic Connectivity Patterns of L4 SSCs and SPNs and Their Functional Implication for Whisker Signal Processing
L4 spiny neurons establish excitatory synapses onto pyramidal cells located in almost all layers of the barrel cortex while receiving excitatory synaptic input from other L4 spiny neurons and thalamic afferents (Feldmeyer et al. 1999; Lefort et al. 2009 ). Therefore, layer 4 acts as a "hub" linking the thalamus to extragranular layers in the cortex. L4 spiny neurons are divided into 2 distinct subtypes, SSCs and SPNs that have been suggested to play different functional roles: local sensory signal processing for SSCs and a function of a more global integration to SPNs (Staiger et al. 2004) . It has been shown that excitatory inputs onto L4 spiny neurons distinguish between SSCs and SPNs in rat barrel cortex (Schubert et al. 2003) and monkey visual cortex (Yabuta et al. 2001) . However, studies of neither intralaminar L4-L4 (Feldmeyer et al. 1999 ) nor short-range interlaminar L4-L2/3 and L4-L5A (Feldmeyer et al. 2002 (Feldmeyer et al. , 2005 connections found different synaptic innervation patterns for presynaptic SSCs and SPNs, respectively. In marked contrast, the interlaminar L4-L6 connection described here exhibits functional and structural differences in the subcellular neuronal connectivity depending on the presynaptic L4 spiny neuron type, or, more specifically its axonal projection pattern. However, during early postnatal development, this target specificity may not be as pronounced because the fraction of L4 SPNs is substantially higher at more immature stages (Vercelli et al. 1992; Callaway and Borrell 2011; our own unpublished data) .
Our data indicate that the L4-L6A uEPSP time course is solely determined by dendritic filtering. However, like L5 and L2/3 PCs, L6A PCs possess distally located I h channels (Ledergerber and Larkum 2010) which have been shown to convey a dendritic site independence of the EPSP time course, thereby effectively reducing the summation of distal synaptic input at the soma Stuart 2000, 2002) . However, the effect of I h channels is small in L6A pyramidal cells (Ledergerber and Larkum 2010 ) and may even be absent when only small unitary synaptic connections are activated. Pyramidal cells have a stereotypic dendritic structure: several basal dendrites emanating from the base of soma and one apical dendrite which can be further divided into trunk, oblique, and tuft dendrites projecting to the pial surface (Spruston 2008) . It has been found that excitatory synaptic inputs to pyramidal basal dendrites initiate Na + spikes in the axon initial segment while inputs to apical tuft and distal trunk dendrites evoke Ca 2+ spikes (for review, see Major et al. 2013) . Our data show that axons of L4 SSCs and SPNs rather selectively innervate the distal apical dendritic tufts and proximal basal dendrites of L6 PCs, respectively. Only following activation of both L4 neuron types these 2 independent dendritic compartments are functionally linked and can act in concert. A recent study demonstrated that the 2 thalamorecipient strata in the neocortex, layers 4 and 5B/6A, are activated in parallel and act independently from one another (Constantinople and Bruno 2013) . L4-L6 connections may serve to integrate signaling between these 2 cortical strata receiving dominant thalamic input. Furthermore, the 2 dendritic target regions on the postsynaptic L6 PC are located close to the Ca 2+ and Na + spike generation zones Larkum 2010, 2012 ) (see Fig. 6 ), as has been shown for L5B PCs (Larkum and Zhu 2002; Larkum et al. 2009 ). Distal SSC and proximal SPN synapses onto L6 PCs could therefore act synergistically by simultaneously generating Ca 2+ and Na + spikes (Larkum 2013; Hay and Segev 2015) . This may result in AP bursts in the L6 PC soma which in turn will increase the gain of corticothalamic feedback and/or the corticocortical feedforward signaling as has been suggested for visual cortex (Olsen et al. 2012 ). In addition, AP bursts have also been implicated in mechanisms involved in synaptic plasticity, for example, the "Hebbian" associative long-term potentiation at excitatory synapses in the hippocampus (Pike et al. 1999 ) and the "spike-timing-dependent" synaptic plasticity in the neocortex (Kampa et al. 2006 (Kampa et al. , 2007 . This suggests that L6A PCs integrate synaptic inputs in layer 4 similar to the way other L5B and L2/3 PCs integrate synaptic input in layer 1.
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